The evolution of modulated light in a nonlinear medium, when described in terms of intensity waves, depends critically on a phase-matching condition for the intensity waves. We formally develop the conditions for quasi-phase matching of the interacting intensity waves and show that a periodic nonlinearity can be utilized to eliminate the dephasing between them. This is verified using stimulated Brillouin scattering with a periodically nonlinear optical fiber that has a period length equal to one-half of the (modulation) wavelength of the intensity waves.
The suggestion by Armstrong et al. of quasi-phase matching (QPM) over 40 years ago alleviated the phase-mismatch problem that may arise during the mixing of optical field waves in 2 media. 1 With the advent of optical communications, nonlinear mixing of modulated light has been studied intensely, mainly with the goal of suppressing the nonlinearity that is a source of noise in fiber-optic links. 2, 3 In particular, the ac component of the generated modulated light, i.e., the electromagnetic intensity wave (IW), can be suppressed at modulation frequencies that are independent of the nonlinearity's response time, and are inversely proportional to the interaction length. [4] [5] [6] We show that efficient interactions among IWs in nonlinear media require a phase-matching condition to be obeyed and demonstrate IW quasi-phase matching 7 (IQPM) for the interaction between IWs. We consider the monochromatic intensity mixing equations for a third-order nonlinearity, such as stimulated Brillouin, Raman, or Rayleigh scatter, or other Kerr effects,
for counterpropagating pump I 1 ͑z , t͒ and Stokes I 2 ͑z , t͒ intensities, as shown in Fig. 1 ; v gi is the group velocity of the modulated light beam i =1,2 and g͑z͒ is the medium's nonlinear coefficient, which can depend on z. The harmonically modulated pump intensity is assumed to be nondepleted:
where ⍀ is the modulation frequency, K 1 = ⍀ / v g1 is the intensity wavenumber, and c.c. denotes complex conjugation. I 1 0 is the dc component of the intensity, and i 1 is the (real-valued) amplitude of the IW. In previous publications, we derived the exact solution for I 2 ͑z , t͒ for an amplifier and generator. 5, 6 This model will be expanded in this work to describe IQPM; however, we first point out the source of phase-mismatched IW interactions and the utilization of IQPM in the limiting case of weak modulation. We assume a pump with modulation depth ␣ ϵ i 1 g2 . We assume that v g1 = v g2 , which is justified for nearly degenerate pump and Stokes carrier frequencies and sufficiently small modulation frequencies, and in addition the two values are approximately equal to the phase velocity = c / n for a medium having refractive index n at the carrier frequency. This is well justified for negligible dispersion, as is the case for Corning SMF-28 fiber in the 1500 nm regime. Inserting the pump and Stokes waves into Eq. (1) 
where G ϵ gI 1 0 L and ⌬K ϵ K 1 + K 2 for counterpropagating pump and Stokes beams. For stimulated Brillouin scattering (SBS), where the pump and Stokes optical carrier frequencies are nearly degenerate, K 1 Ϸ K 2 = K and ⌬K =2K (Fig. 1) . Equation (2) describes the growth of the amplitude of modulation of the Stokes IW, which is affected by the phase mismatch between the Stokes and pump IWs. The dependence on the boundary conditions i 2 ͑0͒ and I 2 0 ͑0͒ of the Stokes wave, as well as the effect of the phase mismatch ⌬KL / 2, were analyzed in the past, 5, 6 and it was shown that modulation frequencies f min Х mc /2nL (for an integer number m ) having wavenumber K min Ϸ m / L are suppressed due to phase mismatch. The implementation of a periodically varying nonlinearity g͑z͒ ϰ e −iK g z with a spatial period ⌳ g =2 / K g will result in IQPM for the special case of
Obviously, in adopting an IW approach, information regarding the phases of the interacting fields is lost. As opposed to field-wave QPM, IQPM is predicted and demonstrated (below) without requiring knowledge of the fields' phases. Indeed, it is not the fields phases but rather the relative phases between the interacting IWs that is at the essence of IQPM.
We now derive an exact solution of Eq. (1) in the nondepleted pump approximation, allowing for a periodic modulation of the nonlinearity. Defining ϵ z + vt and ϵ z − vt, we can recast Eq. (1) as
͒I 1 ͑͒d + F͑͒, where I 1 ͑͒ = I 1 ͓1 + ␣ cos͑K͔͒ is the nondepleted pump with modulation depth ␣ ϵ i 1 / I 1 0 and F͑͒ is a constant of integration determined by the boundary conditions. We assume a SBS nonlinear medium consisting of periodic domains, where g͑z͒ varies between two values g 0 and 0 in each period (Fig. 1) . Carrying out the integration over N domains, with the boundary condition for the Stokes intensity at z = 0 being I 2 ͑z =0͒ = RI 1 ͑z =0͒(where R is the effective reflectivity of the order of e −25 ) leads to the following discrete solutions for the Stokes IW after N domains, i.e., z = N⌳ g :
where G g ϵ g 0 I 1 ⌳ g / 2. Equation (3) describes a Stokes IW modulated at the fundamental modulation frequency f = ⍀ /2 and its harmonics, which can be expressed as I 2 ͑z , t͒ = ͚ n=0 ϱ I 2 nf ͑z͒cos͑n2ft − nf ͒, where I 2 nf and nf are the peak-to-peak amplitude and phase, respectively, of the IW at frequency nf. The peak-topeak amplitude of the IW at the fundamental modulation frequency f is
where q ϵ K / K g , I m ͑A͒ is the modified Bessel function 9 of order m and A ϵ͑␣G g K g ͒ / ͑2K͒ ϫ͓sin͑2NK / K g ͒ cos͑K / K g ͔͒. It can be shown that the peaks of I 2 f become narrower as N increases, i.e., ⌬K FWHM ϳ N −1 . As demonstrated below, Eq. (4) predicts that the use of IQPM with K g =2K min , i.e., ⌳ g = L, will result in phase matching and a Stokes IW having maximum amplitude at K = K min . The counterpropagating pump and Stokes configuration requires the implementation of what is known for field waves as backward QPM, where the grating period is one-half the wavelength of the field wave. In field-wave QPM, this is difficult to implement due to the technical challenge of fabricating a very short grating period. 10 For IWs, the long modulation wavelength scales up the required grating period by orders of magnitude.
In an experiment, we first carried out regular SBS on an SMF-28 fiber of length L = 1 km, as shown in Fig. 2(a) , using a modulated 50 mW pump at = 1550 nm with a modulation depth ␣ = 0.2. The graph in Fig. 3 labeled "no IQPM" displays the Stokes IW amplitude versus modulation frequency, showing suppression at~96 kHz, as predicted. 6 We then demonstrated IQPM with a periodic SBS nonlinearity. We refer again to Fig. 1 , which depicts the periodic nonlinearity and governing k -vector diagram for the IWs with wavenumber magnitude K, interacting in a periodic Brillouin nonlinearity. The experiment is shown in Fig. 2(b) , where the 1 km fiber was replaced by concatenated 500 m segments taken from different spools. Two fiber segments (1 and 3) were taken from a spool of type SMF-28, and one fiber segment (2) was of type LEAF (both manufactured by Corning, with nearly identical mode-field diameters and group-index values at 1550 nm). We have determined in a separate experiment that the Brillouin Stokes frequency shifts ⍀ B in these two types of fiber differ by ⌬⍀ B /2 = 230 MHz. Therefore, the Stokes wave that is generated in segment 1 undergoes a strong SBS interaction with the pump only in segments 1 and 3. In segment 2 the interaction is negligible, since the effective Brillouin gain coefficient for this Stokes wave is reduced by a factor of ͑1 +2⌬⍀ B / ⌫ B ͒ −2 Ϸ 0.006 for a Brillouin linewidth ⌫ B /2 Ϸ 40 MHz in silica fiber at 1550 nm. 11 Therefore, the Stokes and pump waves interact in segments 1 and 3 and effectively traverse a regime between them with no interaction and therefore no nonlinearity, fulfilling the conditions of a periodic nonlinearity of length 1.5 periods. In addition, any SBS that is generated in segment 2 undergoes negligible gain since it can only interact efficiently with the pump in segment 2. The modulated Stokes wave is detected and the value of I 2 f is measured with an electronic spectrum analyzer (ESA) as a function of modulation frequency f, generating the 1.5 periods graph in Fig. 3 . This was repeated after adding another identical period of LEAF and SMF-28 fiber segments to the system, as shown in Fig. 2(c) , generating the 2.5 periods graph in Fig. 3 . The solid curves are the theoretical predictions of Eq. (4), where G g Ϸ 4.5 (recalling that G g is defined for a length of SMF fiber equal to ⌳ g / 2, which in our experiment is 500 m) and R Ϸ 2 ϫ 10 −10 , displaying very good agreement with the experiment. The IQPM enhances the IW generation, with modulation frequencies around 96 kHz. The enhancement increases and the bandwidth narrows for increasing periods, as expected. It is well known that SBS is inherently noisy. The data taken from the ESA were the peak spectral amplitude for each modulation frequency after averaging and were significantly higher than the noise floor.
QPM of CW light in ͑3͒ media was studied in the past using stimulated Raman scatter 12 and thirdharmonic generation. 13 In those works, the usual field-wave QPM was studied, not IW QPM, so a full field analysis was required.
To summarize, by describing the evolution of modulated light in nonlinear media in terms of IWs, a phase-matching condition must be satisfied to achieve efficient power transfer between the IWs. IQPM, with a grating period on the scale of the modulation wavelength, can boost the IW conversion efficiency. This opens up new possibilities for manipulating modulated light and probing nonlinear phenomena.
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